The structure and location of Toxoplasma gondii apicoplasts were examined in intermediate and definitive hosts and shown to vary in a stage-specific manner. Immunocytochemistry and electron microscopy studies were used to identify changes in the morphology of apicoplasts and in their enoyl reductase (ENR) content during asexual and sexual development. Apicoplasts in tachyzoites were small, multimembraned organelles anterior to nuclei that divided and segregated with the nuclei during endodyogeny. In nonproliferating bradyzoites within mature tissue cysts (1 to 24 months), apicoplasts had high levels of ENR. During coccidian development, asexual multiplication (endopolygeny), resulting in simultaneous formation of up to 30 daughters (merozoites), involved an initial growth phase associated with repeated nuclear divisions during which apicoplasts appeared as single, elongated, branched structures with increased levels of ENR. At initiation of merozoite formation, enlarged apicoplasts divided simultaneously, with constrictions, into portions that segregated to developing daughters. In sexual stages, apicoplast division did not occur during microgametogony, and apicoplasts were absent from the microgametes that were formed. In contrast, during macrogametogony, the apicoplast appeared as a large, branched, perinuclear structure that had very high levels of ENR in the absence of nuclear division. Marked increases in the size of apicoplasts and levels of ENR may be related to requirements of the macrogametocytes to synthesize and store all components necessary for oocyst formation and subsequent extracellular sporulation. Thus, it is shown that apicoplasts are present and contain ENR in all T. gondii life cycle stages except microgametes, which will result in maternal inheritance of the organelle.
Toxoplasma gondii is a member of the Apicomplexa, a diverse group containing numerous parasites of major medical and veterinary importance. T. gondii is a highly prevalent parasite that infects and then persists throughout life in the brains of approximately 30% of humans; an estimated two billion people are thought to be infected worldwide (7) . It is a unique parasite, even among the cyst-forming Coccidia, in its broad host range, with all warm-blooded animals capable of acting as intermediate hosts, although only members of the cat family can act as the definitive host. This wide distribution is facilitated by a complex life cycle that allows transmission via the ingestion of either oocysts resulting from coccidian development in the cat or tissue cysts present in chronically infected intermediate hosts (4) . Development in the intermediate host involves an initial acute phase with rapid tachyzoite proliferation, followed by the development of tissue cysts containing slowly dividing or resting bradyzoites. Extensive in vivo studies have shown that tachyzoites and bradyzoites divide by endodyogeny or repeated endodyogeny, a process involving the formation of two daughters within the mother cell. In contrast, the coccidian development in the cat involves both asexual and sexual (microgametogony and macrogametogony) processes. However, the process of asexual multiplication is significantly different from that seen in the intermediate host. Thus, in enterocytes, the parasite undergoes a number of nuclear divisions prior to initiation of daughter formation within the cytoplasm. Daughter formation occurs in a similar manner to endodyogeny, giving rise to the simultaneous formation of up to 30 daughters. The process has been termed endopolygeny to differentiate it from the "classical" schizogony undergone by other apicomplexans such as Plasmodium sp. or Eimeria sp. in which, after the multiple nuclear divisions, daughter formation is initiated adjacent to the plasmalemma, and the daughters form by budding into the parasitophorous vacuole. To date it has been impossible to create an in vitro model system of any aspect of the coccidian development of T. gondii.
In common with other apicomplexan parasites, T. gondii harbors a residual plastid derived from an ancient secondary endosymbiotic acquisition of an alga (37) . The discovery of a vestigial plastid organelle, with a 35-kb genome, prompted reexamination of the organellar components of T. gondii. Early ultrastructural studies of tachyzoites described a multimembranous organelle of unknown function in close association with the single Golgi body located just anterior to the nucleus (33, 35) . It was subsequently shown to be the location of the plastid genome in T. gondii, and the term apicoplast was proposed for this distinctive organelle (20, 24) . However, large multiple multimembraned structures have also been observed in other coccidians during both asexual and sexual development, but whether they represent apicoplasts is unknown (8, 9, 12, 13) . The function of the apicoplast is the subject of intense investigation as a potential target for therapeutic intervention (10, 19, 25, 27, 31, 32, 36, 38, 39) . It has been shown in recent in vitro studies of tachyzoites that the apicoplast is essential for parasite viability and that tachyzoites lacking an apicoplast are able to invade, but not multiply, in new host cells (17) . A number of nuclear-encoded proteins have been identified that appear to localize to the apicoplast and are involved in its biological function (19, 25, 27, 30, 32, 38, 39) . These proteins have been characterized by a bipartite targeting sequence consisting of a von-Heijne secretory sequence and a chloroplastlike transit sequence, both of which are required for entry into the multimembraned organelle (25, 31, 36, 39) . The presence of this bipartite apicoplast targeting sequence suggested that enoyl reductase (ENR) is localized to the apicoplast (25, 27, 30, 31) , as in plants (29) , and therefore that antibodies to this molecule could be a suitable marker for identifying the apicoplast.
To date, all studies on the developmental role of the apicoplast have been limited to the in vitro examination of certain asexual stages: the tachyzoites of T. gondii and the erythrocyteassociated merozoites in Plasmodium sp. (34, 36) . To the best of our knowledge, the role of the T. gondii apicoplast during in vivo development has not been examined. In addition, although an apicoplast-like structure has been described in the macrogamete (13) , there has been no confirmation that the structure is a functional apicoplast or that it has a specific role during macrogamete development. In the present study, immunocytochemistry, with an antibody against ENR, has been used to identify the apicoplast and correlated with parallel electron microscopic examination during in vivo development in both the intermediate host (tachyzoite or bradyzoite development) and the definitive host (coccidian development). In addition, the changes in shape and size of the apicoplast and the level of expression of ENR were semiquantitatively assessed during asexual division (endodyogeny and endopolygeny) and sexual development (microgametogony and macrogametogony) of T. gondii.
MATERIALS AND METHODS
Parasites. Parasites of the RRA, NTE, and M3 strains were used to infect mice and cats as described previously (10) . In addition, mice were infected by intraperitoneal injection of the RH strain. Tissues were removed at various intervals postinfection and processed for histological examination (10) .
Recombinant protein. A construct of T. gondii ENR (TgENR) containing residues 103 to 417 (and lacking the putative signal and transit peptides) was designed for in vivo cleavage by the tobacco etch virus (TEV) protease. Amplified DNA encoding residues 103 to 417 of TgENR was ligated into a modified version of the pMALc2x vector (pMALcHT) in which the linker region was altered to contain nucleotides encoding a TEV protease cleavage site followed by a six-histidine tag (27) . The resulting ligation product, pSTP8, was transformed into BL21 Star (DE3) cells (Invitrogen). These cells were cotransformed with the pRIL plasmid from BL21-CodonPlus (DE3) cells (Stratagene) and a plasmid (pKM586) encoding the TEV protease (26, 31) . Cells were grown, harvested, and lysed as described (27, 31) . Cell lysate was clarified by centrifugation and applied to a 5-ml HiTrap Chelating HP column (Pharmacia). Column fractions containing cut TgENR were desalted with a HiPrep 26/10 desalting column (Pharmacia) and loaded on a 5-ml HiTrap Q Fast Flow column (Pharmacia). Fractions containing pure TgENR were then flash frozen for later use in antibody production.
Antibodies. Antibodies to recombinant ENR (27, 31) were produced in mice. Briefly, mice were injected subcutaneously with 50 g of ENR emulsified in Freund's complete adjuvant and boosted 14 days later with 50 go fE N R emulsified in Freund's incomplete adjuvant. In addition, the following rabbit antibodies were used for double labeling experiments: antibodies to the isoenzymes enolase 1 and 2 (14) (kindly supplied by S. Tomavo), the tachyzoitespecific marker SAG1 (15) (kindly supplied by E. Petersen), the bradyzoitespecific marker BAG1 (2) (kindly supplied by U. Gross), and NTPase (1) Immunocytochemistry. Sections of cat small intestine containing the coccidian stages and mouse lung and brain containing the tachyzoite and bradyzoite stages of T. gondii were obtained as described previously (10, 14) . In immunofluorescence experiments, sections were pretreated by being incubated in a stainless steel pressure cooker (Prestige Ltd., Birkenhead, United Kingdom) in sodium citrate buffer, pH 6, at full pressure for 2 min prior to staining with mouse anti-ENR either alone or in combination with rabbit anti-ENO2, anti-NTPase, anti-SAG1, or anti-BAG1. After sections were washed, they were stained with goat anti-mouse Ig conjugated to fluorescein isothiocyanate (FITC) or goat anti-rabbit Ig conjugated to Texas red and goat anti-mouse Ig conjugated to FITC. The cell nuclei were counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole), and the sections were examined with a fluorescence microscope equipped with Openlab software (10) .
Electron microscopy. Tissue for routine electron microscopy was processed as described previously (10, 11) . In summary, tissue was fixed in glutaraldehyde, postfixed in osmium tetroxide, dehydrated in ethanol, and treated with propylene oxide prior to embedding in Spurr's epoxy resin. Thin sections were stained with uranyl acetate and lead citrate and examined with a Jeol 1200EX electron microscope.
RESULTS
Western blotting. The mouse polyclonal antibody to recombinant ENR recognizes a single protein of 33 kDa in gels prepared from tachyzoites. This is consistent with the predicted molecular mass of native ENR (Fig. 1) . Exo-enteric development. When tachyzoites located in the lung and brain of acutely infected mice were examined by immunostaining with anti-ENR, a small positive-staining structure, the apicoplast, was observed just anterior to the nucleus (Fig. 2c) . During tachyzoite development the apicoplast appeared elongated (Fig. 2d) , and in certain cases, a central constriction appears to begin to separate the apicoplast, although there are not yet two entities (Fig. 2e) . This also correlates with the shape and location of the multimembraned vacuole, which is now identified as the apicoplast, within intracellular tachyzoites observed by electron microscopy ( Fig.  3a and b) .
It was not possible to identify the apicoplast by using DAPI staining in tissue sections. It is probable that the additional processing involved in producing the tissue sections reduces the sensitivity of the DAPI staining.
To directly compare the apicoplast during tachyzoite and bradyzoite development, brain lesions at 15 days postinfection were examined. In these lesions, stage conversion was taking place, and it was possible to identify both tachyzoites and bradyzoites within early tissue cysts by immunocytochemistry and electron microscopy. The presence of both tachyzoites and bradyzoites was confirmed by double labeling with antibodies to the stage-specific antigens SAG1 (tachyzoite specific) and BAG1 (bradyzoite specific) (Fig. 2a) . Examination of both tachyzoite and bradyzoite apicoplasts by using antibodies to ENR allowed direct comparison of the organelle in identically treated parasites (Fig. 2b) . The apicoplast of the tachyzoite was as described above ( Fig. 2c to e). In the early tissue cysts, the BAG1-positive bradyzoites contained elongated ENR-positive apicoplasts (Fig. 2g) , and in certain cases there appeared to be two structures (Fig. 2h) . However, as observed by electron microscopy, many bradyzoites in early tissue cysts were undergoing repeated cycles of endodyogeny (11) , and the changes in the bradyzoite apicoplast could relate to cell division.
To examine the situation within tissue cysts in chronically infected mice (1 to 24 months postinfection) when little or no bradyzoite division is occurring (11), the tissue cysts in the brain (Fig. 2j) were double labeled with anti-ENR and anti-BAG1. It was observed that all the BAG1-positive bradyzoites continued to display an elongated ENR-positive structure located just anterior to the nucleus in tissues obtained from throughout the 24-month study period ( Fig. 2g and i) .
When examined by electron microscopy, the characteristic multimembraned apicoplast could be identified in bradyzoites (Fig. 3c, d , e, and f). The large elongated and possibly multiple apicoplasts in the nondividing bradyzoite contrasts with the small subspherical structure found in the nondividing tachyzoite. In this situation, the changes in the apicoplast cannot be related to parasite division since no proliferation is occurring.
Coccidian development. Coccidian development was examined in sections of the small intestine of a cat infected with T. gondii. It was possible to identify various coccidian stages involving asexual development (endopolygeny) and sexual development (microgametogony and macrogametogony) by using light microscopy ( Fig. 4a, d , and i, and 5a and c). For immunocytochemistry, sections were labeled with anti-ENR or double labeled with anti-ENR and either anti-ENO2 or antiNTPase and counterstained with DAPI. These staining combinations assisted in the identification of the various developmental stages, with the ENO2 strongly labeling the active nuclei of the trophozoites and early-to mid-stage schizonts and also the cytoplasm of the macrogametocyte and with the antiNTPase localizing to the parasitophorous vacuole and the dense granules within mature merozoites (10, 14) . During the early stages of intracellular development a single small lowintensity staining structure was observed, but this increased in size as the trophozoite enlarged (Fig. 4b) . In the case of asexual development, as the parasite grew it underwent a number of nuclear divisions ( Fig. 4a and d) . During this process, the apicoplast developed into an elongated, branched tubular structure and displayed what appears to be a significantly increased ENR signal (Fig. 4b, c , e, and f). In control sections stained with preimmune serum, no ENR signal was observed (Fig. 4g ). In the later stages of asexual development, the apicoplast exhibited multiple constrictions (Fig. 4e ) and divided into a number of portions (Fig. 4 h) . It appeared that these apicoplasts became associated with the nuclei at the initiation of daughter formation, and a single apicoplast segregated within each developing daughter and appeared as a small spherical structure with relatively low signal in the fully formed merozoites (Fig. 4j) . In the extracellular merozoite in the gut lumen, the apicoplast was located adjacent to the nucleus and between it and the NTPase-positive dense granules ( Fig. 4k  and l) .
This finding was consistent with the ultrastructural observations where the early stages were characterized by an increase in the size of both the mitochondrion and the apicoplast prior to nuclear division ( Fig. 5a and b) . In the schizont, growth is accompanied by a number of nuclear divisions (Fig. 5c ). In the larger, multinucleated stage prior to initiation of daughter formation, there were more numerous profiles of apicoplast-like structures ( Fig. 5d and e) enclosed by possibly four unit membranes (Fig. 5d, inset) . These observations would be consistent with the elongated branch structure seen by immunocytochemistry. During the later stages, daughter formation occurs within the cytoplasm in a manner similar to endodyogeny (Fig. 6a) . At this stage, apicoplasts were observed to be associated with the nuclei and developing daughters (Fig. 6a, b, and c) . EUKARYOT.C ELL developing and fully formed merozoites, the apicoplast was identified as a small structure adjacent to the nucleus (Fig. 6d) . In summary, when asexual development is initiated, the apicoplast is a single spherical low-intensity structure. During growth and nuclear division, and prior to the initiation of daughter formation, the apicoplast enlarged into a centrally located, elongated branched structure with a marked increase in staining intensity. In the final stages during merozoite formation, the apicoplast divides and segregates, with each daughter receiving a single low-intensity staining structure. This disparity in staining intensity is best illustrated by examining the same field of parasites at two levels of exposure in the green (apicoplast-specific) channel. Note that when there is saturation of the signal from the apicoplast in the developing schizont (Fig. 7g) and macrogametocyte (Fig. 7i) , the apicoplast of the merozoites in the mature schizont is difficult to discern. However, the presence of the apicoplast within the merozoites could be confirmed by amplifying the signal in the green channel ( Fig. 7h and j) .
It is more difficult to follow microgametogony because there are relatively few microgametocytes compared to the number of asexual stages and macrogametocytes (7). However, more mature microgametocytes can be identified by light microscopy due to the formation of the characteristic very dense commashaped nuclei of the microgametes around the periphery of the microgametocyte (Fig. 7a) . Within the late microgametocytes, a single enlarged apicoplast was observed, but it displayed relatively low-level staining (Fig. 7b) . There was no apicoplast division and the microgametes lacked an apicoplast. Again, this finding was consistent with details at the ultrastructural level, where it was possible to identify an apicoplast-like structure within the microgametocyte (data not shown). However, no such structure was ever observed within the microgametes, which consist of a nucleus, mitochondrion, and two flagella (12) .
The early stages of macrogametogony can be identified by an increase in size but with no division of the nucleus. The mid to late stages can be identified due the granular cytoplasm (Fig.  7c) . In the mid-and late-stage macrogametocytes, it was possible to identify lobulated or branched structures with a very strong ENR signal (Fig. 7d to f) . They appeared in the central region of the cell, giving them a perinuclear location (Fig. 7f ). An unexpected feature was that the single large nucleus of the macrogametocyte did not stain with DAPI. This may relate to the dispersal of the DNA within the large nucleus. A few mature macrogametes did not possess a strongly staining structure, but it is unclear whether this represents a down-regulation in the activity of the apicoplast in the mature macrogamete or early oocyst or a staining artifact due to the impenetrable nature of the developing oocyst wall.
By electron microscopy, the nucleus of the macrogametocyte is large with diffusely distributed chromatin and one large nucleolus (Fig. 8a) . Electron microscopy also confirms the perinuclear location of multiple profiles of multimembraned vacuoles (Fig. 8a) , which is consistent with the irregularly shaped structure observed by immunocytochemistry. During macrogametocyte development, wall-forming bodies of two types are synthesized, and numerous polysaccharide granules and a number of lipid droplets are deposited in the cytoplasm (Fig. 8a) . Structure of the apicoplast. In the present study it is possible to illustrate numerous examples of the apicoplast being limited by four unit membranes (Fig. 3d, 5d [inset] , and 8b and c). However, in many sections, in certain areas of the periphery of the apicoplast the membranes appeared less distinct with fewer than four membranes being identified (Fig. 3d) .
Division of the apicoplast. The division of the apicoplast was examined during coccidian development. By immunofluorescence microscopy it appeared that during asexual multiplication, the large elongated apicoplast developed multiple constrictions that resulted in division of the apicoplast into a number of fragments ( Fig. 4e and h ). When viewed by electron microscopy, during both endopolygony and macrogametogony, the enlarged apicoplast exhibited multiple ring-like constrictions ( Fig. 8b and c) . There was fine dense material at these locations, which may be involved in apicoplast division ( Fig. 8b and  c) . No other organelle appeared to be associated with the constrictions. However, there did appear to be a strong association between the apicoplast and the nucleus during the latter stages of daughter formation and throughout macrogametogony.
DISCUSSION
We previously reported the identification, cloning, and expression of biochemically active TgENR (25, 31) . Herein, we immunized mice and produced polyclonal antibodies to this recombinant TgENR (Muench et al., unpublished observations). This antibody recognized a single band of the correct molecular weight in Western blots. We were then able to determine the presence of the enzyme and visualize apicoplast division and segregation in vivo in the coccidian life cycle stages in the cat intestine as well as the tachyzoite and bradyzoite in murine tissues.
We used electron micrographs of each of these stages to determine whether the localization of ENR coincides with the location and morphology of the apicoplast. Due to technical difficulties, it was not possible to confirm the localization of ENR by immunoelectron microscopy. We can confirm that in tachyzoites, ENR is located within the apicoplast in an identical manner to that described for in vitro studies of other apicoplast markers and green fluorescent protein (34) .
In bradyzoites, the apicoplasts appeared elongated and, in certain cases, possibly two were present, and this was consistent with ultrastructural observations. However, in the early tissue cysts, it is known from electron microscopy that many of the bradyzoites are undergoing endodyogeny (11) . Therefore, the increased size and duplicated apicoplasts within bradyzoites at 15 and 21 days postinfection could be related to continued parasite proliferation. However, the observation of strongly ENR-positive elongated apicoplasts within the brady- EUKARYOT.C ELL zoites in cysts at 1 to 24 months after infection cannot be associated with endodyogeny. In this situation, the increase in size may relate to a continuing physiological function within the "resting" bradyzoite. It has recently been reported for bradyzoites produced by in vitro cell culture that there is poor segregation of the apicoplast to the daughters, resulting in significant proportions of nonviable bradyzoites lacking an apicoplast (6). However, this missegregation was not observed in the present in vivo study. The in vitro study also reported that a proportion of parasites were undergoing "endopolygony" in addition to endodyogeny (5) , which again contrasts with in vivo observations of only endodyogeny (11) . It is possible that these differences may represent anomalies produced by the in vitro culture system.
Little is known about the molecular aspects of the coccidian stages of T. gondii, largely due to the difficulty in obtaining such stages for examination. Unfortunately, it has been impossible to culture any of the asexual or sexual stages that develop in the enterocytes of the cat. In the cat intestine, the unique form of asexual multiplication has been termed endopolygony and differs from endodyogeny in that a growth phase is associated with a number of nuclear divisions prior to the initiation of daughter formation, resulting in the simultaneous formation of a number (range, 16 to 30) of merozoites. In this aspect the process is similar to the classical schizogony undergone by many other apicomplexan parasites. The major difference between endopolygony and classical schizogony is that in schizogony, the nuclei move to the periphery and daughter formation is initiated directly beneath the plasmalemma, with the daughters budding into the parasitophorous vacuole. In endopolygony, the daughters form within the mother cell cytoplasm. When the apicoplast was examined during the initial growth and nuclear division phase, there was a marked increase in the size of the apicoplast and level of ENR signal. The apicoplast appeared as a single elongated or branched structure surrounded by a number of nuclei. This is similar to that reported (g to j) Duplicate images of sections stained for ENR (green) and ENO2 (red) but in which one image shows saturation of the ENR signal within the apicoplast (arrow) of the multinucleate mid-stage schizont (g) or macrogametocyte (i), at which point it is difficult to identify the apicoplasts within the merozoites of the mature schizont (arrowheads). In the second pair of images (h and j) the presence of the apicoplasts within the merozoites was confirmed by increasing the level of signal in the green channel (arrowheads). N, nucleus.
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for the apicoplast during schizogony in Plasmodium falciparum within erythrocytes (36) . In the present semiquantitative study, the size and level of signal appear greater than required to provide a single small apicoplast to each daughter. It is possible that the increase in size and level of ENR signal is related to an increased physiological function of the apicoplast during the initial growth phase. It was noted that the increase in size of the apicoplast coincided with an increase in the size of the mitochondrion, representing evidence of increased metabolic activity. However, the growth phase during microgametogony does not appear to be associated with the marked increase in ENR signal. Since the microgametes lack an apicoplast, there is no need for the apicoplast to replicate, and this may explain the reduced size and signal. This also means that apicoplasts can only be inherited via the female (macrogamete) lineage, consistent with observations for Plasmodium sp. (3). The finding of an enlarged, strongly positive ENR apicoplast adjacent to the nucleus during the development of the macrogamete is consistent with the ultrastructural observations of multimembranous vacuoles. This is formal confirmation that these vacuoles are apicoplasts that contain ENR in this life cycle stage. The present study shows for the first time that the developing macrogametocyte has an enlarged apicoplast with what appears to be a highly elevated ENR signal. In this situation, the changes to the apicoplast are unrelated to nuclear division since none occurs within the macrogamete. However, macrogametogony is associated with the synthesis of the wall-forming bodies required to form the oocyst wall and storage material in the form of polysaccharide granules and lipid droplets. Indeed, the mature macrogamete must contain all the nutrients required for oocyst formation and extracellular sporulation. Sporulation is the only time T. gondii undergoes extracellular multiplication and results in the formation of eight daughters (sporozoites). In the absence of any access to additional nutrients while in the external environment, the macrogamete must have synthesized and/or stored all the material required to form eight haploid daughters. In addition to a metabolic role, it is possible that the increase in size of the apicoplast during macrogametogony may relate to its need to produce eight individual apicoplasts during sporulation. The apicoplast is one of three genome-containing organelles in T. gondii, the others being the nucleus and mitochondrion. During asexual division these organelles are required to replicate their genomes, divide, and then segregate in such a manner that each daughter (whether two or more) receives one copy of each organelle and the accompanying organellar genome. Within the Apicomplexa, mitosis differs from that of other eukaryotes in that the nuclear membrane remains intact during the entire process. This involves an intranuclear spindle with the nuclear poles moving apart, but for the nucleus to finally divide in two, there is development of an inner and outer membrane to form a plane of nucleokinesis (5). How- EUKARYOT.C ELL ever, the molecular mechanism involved in this process is still unknown. The process of apicoplast division and segregation has been elegantly studied in vitro during the formation of two daughters (endodyogeny) in the tachyzoite of T. gondii (23, 34) . However, the studies reached different conclusions. Though both reports proposed that the apicoplast remains intimately associated with the centrioles or nuclear poles during nuclear division and segregation, one proposed that the apicoplast divides by a purely physical pull-push type of mechanism with the centrioles pulling the apicoplast into an elongated structure and the inner membrane complex of the daughters pushing into the midpoint (34) . In contrast, the second study suggested that apicoplast division may occur before nuclear division and involve possible division or constriction rings (23) . A purely external physical process would be unprecedented, as it contrasts with the way plastids divide in plants and algae, where there is formation of some form of division or constriction rings (reviewed in references 16, 21, 26, and 28). The physical hypothesis was partially based on the absence of FtsZ or its homologues from the T. gondii genome (reference 34 and F. L. Henriquez, unpublished observations).
FtsZ is an important protein in bacterial division, and homologues are involved in chloroplast division in algae and plants, but other organelles, such as mitochondria, have evolved a mechanism that does not employ FtsZ (16) . Indeed homologues to proteins thought to be involved in this alternative process, such as MinD and two isoforms of dynamin, were identified in the T. gondii genome database (Henriquez, unpublished observations). minD could not be amplified from cDNA generated from tachyzoites by using PCR, but the same primer set was able to amplify this gene from T. gondii genomic DNA (Henriquez, unpublished observations). This confirms that the minD gene is not a contaminant in the database. Identifying the genes encoding dynamin and MinD and demonstrating genomic DNA for minD does not necessarily indicate that they are required for division of the apicoplast in the different life cycle stages. Future mechanistic studies to characterize the roles, if any, of these and other proteins in organellar division will be of considerable interest. In addition, endodyogeny represents the most basic form of apicomplexan multiplication and is limited to a few cyst-forming coccidians. The situation is much more complex during endopolygony and schizogony, where multiple daughters are produced simultaneously. When the apicoplast was examined during endopolygony in T. gondii, it was observed that the initial nuclear divisions were dissociated from apicoplast division, with multinucleate stages possessing a single, enlarged apicoplast. This process was similar to that described during schizogony in P. falciparum (36) . These authors proposed that apicoplast division was delayed until after nuclear division by an unknown feedback mechanism that determined how many portions the apicoplast would divide into (36) . There are still many unanswered questions in relation to apicoplast division. Similarly, little is known about the process of mitochondrial division and segregation. There has been much discussion about the exact structure of the apicoplast. In certain cases, four membranes have been identified as limiting the apicoplast. In the present study, it was possible to clearly identify four membranes, but in most organelles there were areas where only two or three membranes could be resolved. Three membranes have been suggested for Plasmodium (18) and it is possible that P. falciparum has lost a membrane during evolution, as has been reported for certain dinoflagellates (reviewed in reference 38). However, the multiple-membranous (whether three or four) nature of the structure clearly allows it to be differentiated from the mitochondrion and the nucleus, which are limited by two unit membranes.
In conclusion, we have identified apicoplasts containing ENR in all stages of parasite development, with the exception of the microgamete. The absence of an apicoplast and ENR in the microgamete indicates that there is maternal (macrogamete) mediated inheritance of this essential organelle.
